In the present review advances on the metal-catalyzed 1,3-dipolar cycloaddition reactions of nitrile oxides, mainly in the last decade, will be presented and discussed. An overview on the structure, preparation, dimerization and related reactions as wll as relevant aspects on the cycloaddition chemistry of nitrile oxide (including mechanistic aspects) have also been considered. Please do not adjust margins Please do not adjust margins synthetically equivalent methodology of aldol reactions 4 . Efficient syntheses of chiral compounds using such methodologies require the development of catalytic asymmetric cycloaddition reactions. In this context, the use of Lewis acids (LA) catalyzed NOs CAs may be a convenient solution. The effects of Lewis acids (LA) and other catalysts on the rates, regioselectivity and stereoselectivity of Diels-Alder (DA) reactions have been thoroughly investigated. In general, large rate accelerations and greatly increased regioselectivity and stereoselectivity were observed. 5 These phenomena have been rationalized by the application of frontier orbital (FO) theory. In principle, the same theoretical considerations can be applied to the 1,3-DC reactions and, in particular, to the NOs cycloadditions. The rate enhancement of the 1,3-DC of NOs by a LA can be readily explained on the basis that the complexation of the NO is expected that will occur preferentially with the oxygen because of its rather large negative charge.
Introduction and objectives
Several milestones marked out the history of the nitrile oxides (NOs). After the discovery of fulminic acid (Howard, 1800) , the cycloadditions (CAs) of NOs to olefins were first reported in 1927 (Weygand) and later developed in 1950 (Quilico). In 1961, Huisgen categorized the NOs as a member of a broader class of 1,3-dipoles that were capable of undergoing 1,3-dipolar cycloaddition (DC) reactions. In the 1960s and 1970s the factors governing the reactivity and selectivity of NOs cycloadditions were brilliantly described and systemized by Huisgen and coworkers.
Nevertheless, the cycloaddition reactions of NOs 1 to alkenes and alkynes are in many cases hampered by the tendency to the dimerization of the NO to the related furoxan (1,2,5-oxadiazole-2-oxide, see below).
In addition, although monosubstituted alkenes and alkynes show high regioselectivity in their cycloadditions with NOs, 1,2-disubstituted derivatives often give mixtures of regioisomers. In this context, it should be pointed out that the ensuing cycloadducts, isoxazoles and their analogues, constitute an important class of heterocyclic compounds. 2 For instance, 2isoxazolines are valuable intermediates in synthetic organic chemistry because their capacity to mask other functionalities including α,β-unsaturated ketones, βhydroxycarbonyl compounds and 1, 3-aminoalcohols. Most of these can be accessed from 2-isoxazolines by reductive cleavage of the heterocycle 3 . In particular the β-hydroxy ketone functionality is a typical example, making the NO-alkene cycloaddition reactions a The various temperature 13 C NMR ( 13 C-VT-NMR) study of the 13 C-labeled stable ( 13 CNO) 2,6dimethoxybenzonitrile oxide has been carried out. 16 At high temperature the signal of CNO appears as a triplet which gradually fused into a singlet peak as the solution was cooled to a low temperature. When the temperature increased to room temperature, the peak returned to the original triplet signal, indicating a reversible change of CNO on an NMR time scale. It might be attributed to the change from a bended conformation to a coplanar conformation with the benzene ring, as shown in Figure 2 . Consequently, the HOMO-LUMO gap increases from formonitrile oxide to formonitrile imine. Since the HOMO-LUMO gaps of triple bonded species are greater than those of double bond species, the former has less diradical character than the latter (see Table 2 ). The rate of this dimerisation is exceptionally fast for lower aliphatic NOs, with acetonitrile oxide dimerising in less than one minute, whereas the half-life of most aromatic nitrile oxides at room temperature is several hours. Intramolecular bis (nitrile oxide) dimerization has also been reported and synthetically exploited. 19 Stable NOs can be obtained as a result of steric shielding of the nitrile oxide functionality (for instance 2,4,6-trimethylbenzonitrile oxide). Donor-acceptor interactions between the atoms of the CNO moiety and adjacent polar substituents and electron delocalization in π-systems also enhance the stability of nitrile oxides. NOs to 1,2,4-oxadiazole 4-oxides 3 under acidic or basic conditions 20 and to 1,4,2,5dioxadiazines 4 in the presence of BF3 or pyridine are of lesser importance. Isomerization of NOs to isocyanates 5, proceeds at elevated temperature and is practically the only reaction of sterically stabilized nitrile oxides. 21
Dimerizations of

Preparation of NOs.
A comprehensive review on the synthetic methods (stable NOs) or generation procedures (unstable NOs) of NOs have been compiled in reference 1a and publications cited therein. Here we will include a summary of these procedures and those more relevant ones published since 2007.
From aldoximes.
The transformation of aldoximes to NOs is conceptually a dehydrogenation process. It should be indicated that the process constitutes in practice a halogenation- for combinatorial syntheses, were also reported.
Cycloreversion of Furoxans and Related
Heterocycles.
The thermal fragmentation of furoxans (1,2,5oxadiazole N-oxides), involving cleavage at O(1)−N(2) and C(3)−C(4) bonds, has proved to be an effective method for the generation of NOs (Scheme 4). 37 This method is particularly useful for bis(nitrile oxides)
for which alternative approaches are often less successful. 38 Cycloreversion with NO formation is known not only in furoxans but also in isoxazolines, 44 have been published in the last years.
Mechanistic considerations. 45
The mechanism of 1, 3 Numerous quantum chemical investigations have been performed to shed light on the mechanism of 1,3dipolar cycloadditions including NOs cycloadditions and these calculations could solve the Huisgen-Firestone controversy. As a general result it can be indicated that the concerted mechanism is favored for the reactions of the unsubstituted 1,3-dipoles with ethylene and acetylene whereas the stepwise mechanism becomes more favourable when the 1,3-dipoles and dipolarophiles are substituted by radical-stabilizing groups.
Other mechanistic questions concerning the driving force of the cyclization and the electronic factors that determine the barrier height remain still opened.
Currently, three different rate-determining factors are discussed in the literature: (a) the distortion energy of dipole and dipolarophile as defined by Houk et al., 54 (b) the reaction acceleration by an excitation of the bending vibrations of the 1,3-dipole 55 and (c) the biradical character of the 1,3-dipole molecule.
Metal-Catalyzed 1,3-DC of NOs.
In connection with catalyzed 1,3-DC reactions and after the excellent review published by Gothelf and Jorgensen concerning asymmetric 1,3-DC 56 , other review articles on this topic have been published. 57 In some of these articles, several catalyzed 1,3-DCs of NOs have been described but, to the best of our knowledge, no specific reviews dedicated to the catalyzed reactions of these dipoles have been published. In the next paragraphs an overview on the development of the LAand other metal-catalyzed (click chemistry) 1,3 DC of NOs mainly in the last decade, will be presented. 
Lewis Acid
Ru(II)catalyzed 1,3-DC of NOs.
In general, the cyclopentadienyl-RuL* catalysts show good stability in solution at ambient temperature and efficient catalyst recovery. 73 That is the case of the The structures of 52and 53 are depicted in Figure 3 . For compounds 37, 38 and 39 see Scheme 14.
Cu(I) and Ru(II) Catalyized 1,3-DC of NOs and
Alkynes. Click Chemistry using NOs.
Click
Chemistry. An Overview.
The term "Click Chemistry" was introduced by K. B.
Sharpless to describe "stereospecific high yielding reactions, wide in scope, create only by-products that can be removed without chromatography, simple to perform, and conducted in easily removable or benign solvents". 78 Considering the 1,3-DC reactions, the azide-alkyne cycloaddition giving 1,2,3-triazoles fulfils many of the prerequisites of a typical click chemistry reaction.
However, these thermal 1,3-DCs usually requires 
Proposed mechanism of the Ru(II)-catalyzed 1,3-
DC of NOs with alkynes.
In the first step of the proposed mechanism 107 
Conclusions.
The utility of nitrile oxides as 1,3 dipoles in cycloaddition reactions (both inter-and intramolecular variants) has been intensively studied during the last four decades considering that the final cycloadduct products, isoxazoles and their analogues, constitute an important class of heterocyclic compounds which are presents in natural products and drugs, among others. This article has reviewed the recent advances of metalcatalyzed nitrile oxide -alkene and alkyne cycloaddition reactions and in our opinion, it cannot be doubted that applications of these reactions will certainly contribute to future creative advances in fields such as chemical biology and materials science.
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